Abstract The accumulation of Ag by the marine herbivorous gastropod, Littorina littorea, has been studied in a series of exposures in which the metal was added in aqueous form and as nanoparticles, both in the presence and absence of contaminated algal food (Ulva lactuca). Significant accumulation occurred in the gill, kidney, stomach and visceral mass when the snail was exposed to aqueous Ag in the absence of food. Despite the consumption of U. lactuca that had been previously contaminated by Ag, no accumulation was observed from the dietary route. When added as nanoparticles, accumulation of Ag was only measured in the head and gill and only in the absence of contaminated food. These observations suggest that Ag is most bioavailable to L. littorina when in true solution and that Ag measured in external tissues of the snail following exposure to nanoparticles arises from some physical association that does not result in significant transfer of the metal to internal organs.
Introduction
The rapidly developing and evolving areas of nanoscience and nanotechnology have resulted in an increase in both the production and diversity of nanomaterials in recent years. Engineered nanoparticles represent a bridge between bulk material and structures at the atomic or molecular level and have important roles in the medical, cosmetic, pharmaceutical, energy, remediation, electronics, textile, plastics and food industries (Nowack and Bucheli 2007) . In concert with their increasing production, increasing quantities of nanoparticles are entering the environment during their synthesis and during the manufacture, usage, disposal, and recycling of products that contain them (Köhler et al. 2008 ). Because of their small size, large surface area and high reactivity and mobility, concern has been levelled at the impacts of engineered nanoparticles on human health and their biogeochemical behaviour and toxicity in the environment. In aquatic systems, where many contaminants ultimately reside, nanoparticles may be directly and/or indirectly toxic. Direct effects arising from the high density of reactive groups at the nanoparticle surface include damage to cell membranes (Zhu et al. 2008; Hao et al. 2009 ), while indirect effects result from the production of reactive oxygen species and dissolution of toxic ions or impurities into solution (Blinova et al. 2010; Park et al. 2011) .
Because of their antibacterial effects, chemical stability and relatively low cost of production, silver nanoparticles (AgNP) are among the fastest growing and most commercialised groups of engineered nanomaterials (Fabrega et al. 2011) . However, because of the high toxicity of Ag to aquatic organisms and the propensity of the metal to bioconcentrate (Luoma et al. 1995) , they also rank among the nanoparticles of greatest environmental concern. The precise proportion of total Ag currently entering the aquatic environment as nanoparticles is unclear, but recent estimates suggest a figure of around 15 % and indicate a future, exponential increase (Blaser et al. 2008; Gottschalk et al. 2009) .
Despite concerns about AgNP, there have been relatively few studies of their interactions with and toxicities to aquatic organisms. Moreover, the modes of action and accumulation are often unclear and appear to be organism specific, with some studies implicating the nanoparticles themselves (e.g. Asharani et al. 2008) and others the Ag + ion that is mobilised from the particle surface (e.g. Bilberg et al. 2010 ). In sea water, studies of the behaviour of AgNP are very limited, with observed effects and accumulation in microalgae and macroalgae attributed to the dissolution of Ag + (Miao et al. 2009; Turner et al. 2012 ) and the mode of toxicity to oyster embryos undefined (Ringwood et al. 2010) .
In the present study, and to improve our understanding of the behaviour and effects of AgNP in the marine environment, we examine the accumulation of Ag by the herbivorous gastropod, Littorina littorea, a common inhabitant of rocky shores throughout northwest Europe and the north Atlantic coast of America. Snails were exposed to aqueous and nanoparticulate forms of the metal, both in the presence and absence of the green macroalga, Ulva lactuca, as a source of precontaminated food. Accumulation is determined in different organs of the snail and in faecal matter generated during the exposures.
Materials and Methods

Samples and Reagents
Plasticware used in the experiments and for sample digestion was soaked in 0.5 M HCl for 24 h and rinsed three times with distilled water before being used.
Containers for analyte storage were purchased from Fisher Scientific and were used without being cleaned. English Channel sea water (salinity=32.5; pH=8.0± 0.2; dissolved organic carbon ∼100 μM) used for culturing and experimental work was available on tap in the laboratory after online filtration through a 0.6-μm extruded carbon filter. Aristar-grade silver nitrate solution (Ag=10,000 mgL −1 ) was obtained from BDH-VWR and silver nanoparticles of <100 nm in diameter were purchased as a powder from SigmaAldrich (product number 576832-5g; batch number 07721KH). The purity of the particles was stated as >99.5 %, and surface area was reported as 5.0 m 2 g −1 . Other reagents employed in the study were purchased from Fisher Scientific or BDH-VWR and were of analytical grade or equivalent.
Immediately before being used in the experiment, a 10-mL working stock solution of 100 mgL
AgNO 3 was prepared by appropriate dilution of the original standard in Millipore Milli-Q water (MQW). A 1,000 mg-L −1 stock suspension of AgNP was prepared by adding 10 mg of AgNP to 10 mL of MQW in a 25-mL polyethylene centrifuge tube and, to effect dispersion, sonicating the contents in a Sonicleaner bath (Lucas Dawe Ultrasonics) for 1 h (Bradford et al. 2009 ). Samples of U. lactuca and L. littorea (of columellar height ∼2 cm) were collected from the intertidal rocky shore at Wembury, a protected beach 7 km to the south east of Plymouth, UK, during September and October, 2010. Samples were transported in zip-lock plastic bags containing native seawater to the laboratory where they were cleaned of particulate matter and epibionts under laboratory sea water. Cleaned algal samples were transferred to a series of 10-L clear Perspex aquaria supplied with aeration and maintained in a culture room at constant temperature of 14±1°C and under fluorescent lighting (250 μmol m −2 s −1 photosynthetic active radiation for 12 h/ day). As required, 9-mm diameter discs (∼6 mg dry weight) were cut from the central portions of individual thalli using a plastic cork borer and acclimatised in an aquarium with clean sea water for 5 days under the conditions described above. Cleaned individuals of L. littorea were acclimatised, and their guts voided in a separate aquarium for a period of 10-15 days. No shedding of cercariae was evident, and individuals were therefore assumed to be uninfected by trematodes.
Size Characterisation of AgNP
Considering the importance of their size and aggregation behaviour in environmental studies (Mackay et al. 2006; Carlson et al. 2008) , nanoparticles in the stock and experimental medium were characterised by nanoparticle tracking analysis using a Nanosight LM10 instrument. Thus, quadruplicate 1-mL aliquots abstracted from the surface of the stock immediately after sonication and in sea water that had been amended with AgNP at concentrations ranging from 1 to 10 mgL −1 (verified by subsequent chemical analysis; see below) were introduced individually into the viewing chamber of the instrument where particles were video-tracked for a period of 90 s. Data were acquired and analysed using the accompanying software. The results of this exercise revealed an average nanoparticle size (±one standard deviation) in sea water of 58±27 nm. This is close to the mean particle size measured at the surface of the original stock suspension where we abstracted for experimental purposes (45±33 nm) and to the mean size of particles measured independently and ex situ by transmission electron microscopy (59 ± 19 nm; Bradford et al. 2009 ). This suggests that, under the experimental conditions employed in the present study, little aggregation of particulate Ag occurs. We note that aggregation of AgNP added to artificial sea water (albeit at an unspecified concentration) is reported by Miao et al. (2009) , but surmise that better dispersion of a lower concentration of nanoparticles in our experiments is effected by the presence of natural polyelectrolytes.
Experimental
The exposures were performed over a period of 5 days in individual 2-L Perspex aquaria, each containing 1.5 L of laboratory sea water and under the conditions described above. Three different treatments were undertaken after the addition of either 150 μL of AgNO 3 stock (nominal concentration of Ag of 10 μgL In treatment 1 (T1), L. littorina were exposed to contaminated sea water by adding an individual to each aquarium (n=8) after a period of 5 days. After a further 5 days, snails were retrieved, rinsed in distilled water and stored frozen. Faeces remaining in each aquarium were pipetted into a 25-mL polyethylene centrifuge tube and the pooled contents vacuum filtered through a 0.45-μm Whatman membrane filter. Filters were rinsed with MQW and subsequently frozen pending freeze-drying, digestion and analysis (see below). At daily intervals during the exposure, 1 mL water samples were abstracted from each aquarium, diluted tenfold in 0.1 M HNO 3 in 25 mL centrifuge tubes and stored in the dark pending analysis (see below).
In treatment 2 (T2), individuals of L. littorina were exposed to contaminated sea water and contaminated food. Thus, the treatment and sampling proceeded as above but, additionally, four discs of U. lactuca were added to each aquarium immediately after the addition of AgNO 3 or AgNP. One disc per aquarium was retrieved after 5 days, and before the introduction of the snail, and was rinsed with MQW and stored frozen pending freeze-drying, digestion and analysis (see below); algae remaining at the end of the treatment were pooled and processed likewise. In treatment 3 (T3), L. littorina were exposed to contaminated food and clean sea water. Here, four algal discs were incubated in each of eight aquaria containing sea water contaminated with either AgNO 3 or AgNP, while snails were kept in aquaria containing clean sea water. After 5 days, one disc of U. lactuca from each aquarium was sampled and frozen, while the remaining discs were added to the clean aquaria housing snails and the contents of these aquaria incubated for a further 5 days before snails, residual algae and faeces were retrieved and frozen.
Sample Digestion
After snails were partially defrosted, their shells were cracked in a small bench vice. Animals were then carefully retrieved using plastic tweezers and dissected using a stainless steel scalpel. Thus, the head, foot (including the operculum), gill, kidney, stomach and visceral complex (including the digestive system and gonads) were excised from each snail and stored frozen and individually in ziplocked bags. Tissue samples, individual and residual discs of U. lactuca and pooled faeces were then freeze-dried for 48 h. Dried samples were weighed into individual 4-mL screw-capped Teflon beakers and microwave-digested for 45 min on a series of hot-cool cycles in 2 mL of HNO 3 using a CEM MDS-2000 microwave digester. The residual contents of each beaker were transferred to individual 25 mL polyethylene centrifuge tubes and diluted to 10 mL with MQW. Procedural blanks (n=12) were undertaken likewise but in the absence of solids.
Sample Analysis
Acidified sea water samples and HNO 3 digests of faeces, U. lactuca and tissues of L. littorina were analysed for Ag (as 107 Ag) by quadrupole inductively coupled plasma-mass spectrometry (ICP-MS) using a Thermo Scientific X Series II bench top instrument (Hemel Hempstead, UK) fitted with a concentric glass nebuliser and conical spray chamber with impact bead. Forward power was set at 1.4 kW, coolant gas flow was 13 Lmin −1 , auxiliary gas flow was 0.7 Lmin −1 , nebuliser gas flow was 0.86 Lmin −1 , and dwell time per mass was 10 ms with 50 sweeps and 3 replicates. The instrument was calibrated in the range of 1-100 μgL −1 using standards prepared by serial dilution of the Aristar AgNO 3 solution in 0.1 M HNO 3 , and 10 μgL −1 of 115 In was added to all samples and standards to correct for nebuliser-and plasma-related effects and for variations in sample viscosity. Between every ten samples, a calibration standard was analysed as a check, and if the recorded concentration deviated by more than 10 % of its true concentration, the previous ten samples were re-analysed.
Data Presentation and Analysis
Concentrations of Ag measured in digests of the alga, faeces and tissues of L. littorina were normalised on a dry weight basis. Significant differences (p<0.05) in mean sample masses or mean metal concentrations between samples arising from the different treatments or within the same treatment were ascertained by one-way analysis of variance using Minitab v15 following testing for homogeneity of variances and normality. Significant correlations (p<0.05) between concentrations of Ag in the different tissues of L. littorina were identified using Microsoft Excel 2010.
Results
Sea Water Ag Concentrations in the Treatments
One of the major challenges in exposures involving direct comparisons between aqueous and nanoparticulate Ag is gaining similar experimental concentrations of the metal (Turner et al. 2012) . This is because, firstly, addition of AgNO 3 results in a time-dependent reduction in aqueous Ag concentration through the progressive adsorption of Ag + (and, possibly, AgCl 0 ) to the aquarium surfaces, and, secondly, the rapid settlement of nanoparticles in the stock suspension immediately after sonication leads to an overestimation of the true quantity of Ag dispensed into the reactors.
We found that the addition of 30 μl of the nanoparticle stock suspension and 150 μl of the AgNO 3 stock solution resulted in comparable concentrations of sea water Ag by the end of the 10-day incubation period, as illustrated by our timedependent measurements of Ag throughout the treatments in Fig. 1 . Specifically, addition of 10 μgL −1 of aqueous Ag in T1 (contaminated sea water) and T2 (contaminated sea water and food) resulted in loss of metal to between about 2 and 3 μgL −1 by the end of the exposures (that, quantitatively, could not be accounted for by accumulation of Ag by the macroalga or snail; see below). In T3 (contaminated food), the abrupt reduction in aqueous Ag after 5 days marks the transfer of the snail and contaminated algae to clean sea water in new aquaria; any Ag detected thereafter likely arises from the addition of a small quantity of contaminated water accompanying the transfer of the algal discs or the desorption or efflux of some metal from the discs when immersed in clean sea water. Addition of 30 μl of AgNP to the different treatments resulted in an initial measured concentration of Ag of around 2-3 μgL −1 . In T1 and T2, a moderate decline in Ag concentration was observed over the 10-day period (that was only statistically significant in T2). Because measurements of Ag by ICP-MS do not distinguish aqueous and nanoparticulate Ag, we cannot ascertain whether this decline is the result of some settlement of AgNP or the slow dissolution of Ag ions from the nanoparticles and their subsequent adsorption to the container surfaces.
3.2 Ag Concentrations in U. lactuca and in L. littorina faeces Figure 2 shows the dry-weight-normalised concentrations of Ag in the macroalga, U. lactuca (that is, the food for L. littorina), and in the pooled faeces produced by the snails in the different exposures. When added as aqueous Ag, concentrations in U. lactuca after 5 days' exposure average about 100 μg g −1 and are statistically indistinguishable between T2 and T3. After 10 days, a significant decline in Ag concentration is observed that is consistent with the corresponding reduction in aqueous Ag shown in Fig. 1 . Concentrations of Ag in the pooled faeces arising from T2 and T3 are similar to concentrations observed in the respective algal samples after 5 days' exposure. A considerably higher faecal concentration of Ag is, however, observed in T1 in which snails were exposed to contaminated water but no food. When added as nanoparticles, concentrations of Ag in U. lactuca arising from T2 and T3 are lower than concentrations in the corresponding aqueous Ag exposures. Note that we are uncertain of the association of Ag with the alga arising from such exposures but previous evidence suggests it may well be simple adherence of particles at the algal surface (Turner et al. 2012) . The concentration of Ag in the pooled faeces of L. littorina was higher than that in the corresponding food in T2 but similar to the concentration in food in T3. The concentration of Ag in the faeces arising from the absence of U. lactuca (T1) was greater than that arising from the presence of alga (T2 and T3) and remarkably similar to the concentration observed when Ag was added in aqueous form in the corresponding treatment. Thus, although the quantity of faecal matter was lower in both aqueous and nanoparticle exposures of T1 (about 15 mg) than in T2 and T3 (about 25 mg), Ag appears to be more effectively constituted into faeces generated by feeding on aqueous nutrients and microscopic debris (through adsorption for example) than is accumulated by the macroalga. Of significance from an experimental perspective, the similarity in the Ag content of faeces generated in the absence of U. lactuca suggests that there was a comparable net quantity of Ag available to and processed by L. littorina in the aqueous and nanoparticulate exposures.
Ag Concentrations in L. littorina
The dry weights of L. littorina and component tissues thereof were not significantly different between treatments or exposures from the corresponding controls. Mean tissue weights were in the order: foot>visceral mass>head>stomach>gill, kidney; and the total dry weight of individual animals averaged about 120 mg. The concentrations of Ag measured in the different tissues of L. littorina are shown in Fig. 3 ; note that we have also computed total concentrations in the gastropod based on the weighted average of Ag concentrations in component tissues. In both controls and exposures, concentrations among replicates are more variable than in the alga, and in some cases, the standard deviation approaches the mean. Presumably, accumulation of Ag (stippled), T2 (solid) and T3 (hatched). Errors represent one standard deviation about the mean of 5 (control) or 8 (T1-T3) measurements; the hat symbol denotes a significant difference in mean concentration (p<0.05) from the corresponding control individuals, and despite heterogeneous accumulation, significant measurable Ag uptake (relative to the controls) is evident when the metal is added in aqueous form. Specifically, accumulation occurs in T1 (contaminated sea water) in the gill, kidney, stomach and visceral mass, and in T2 (contaminated sea water and food) in the foot, kidney and visceral mass; accumulation is not, however, evident in any compartment in T3 (contaminated food). When added in nanoparticulate form, the concentration of Ag is only significantly greater than that in the corresponding control in the head and gill in T1. Among the replicates in each exposure and treatment, significant relationships between Ag concentrations in different tissues were evident. Results of correlation analysis, summarised in Table 1 , reveal that relationships were most abundant in T1 and T2 of the aqueous exposures, but were never observed in T3. Thus, where snails were exposed to contaminated water, the heterogeneity in Ag accumulation, noted above, appears to reflect heterogeneity among rather than within individual snails.
Despite little difference in concentrations from the corresponding controls, significant relationships were also observed in one or two cases each in T1, T2, and T3 of the nanoparticle exposures.
Discussion
The results of our study reveal that Ag is accumulated by the gastropod, L. littorina, when added in aqueous form and suggest that accumulation occurs principally from sea water rather than from ingested, pre-or co-contaminated algal food. Clearly, any Ag mobilised from U. lactuca in the digestive environment of L. littorina is not measurably assimilated by the snail. Accumulation of metals from the dietary route has been observed in many marine herbivorous molluscs and fish (Chan et al. 2003; Blackmore and Wang 2004; Mulholland and Turner 2011) . However, relative to other essential trace metals, the trophic transfer of Ag appears to be low in many marine animals (Abbe and Sanders 1990; Connell et al. 1991) . This, at least partly, may be attributed to its high affinity for sulphurous ligands, which facilitates the uptake of Ag from the aqueous phase (see below) and binds it in a relatively inaccessible form in food materials (Fisher and Wang 1998) .
The accumulation of Ag by L. littorina from the solute pathway may be attributed to the uptake of the free ion (Ag + ) and, possibly, the moderately, hydrophobic, neutral chlorocomplex, AgCl 0 (Reinfelder and Chang 1999; Wood et al. 2010) , whose computed abundances in our culture medium, relative to total aqueous Ag, are 0.002 and 0.57 %, respectively (Turner et al. 2012) . The Ag ion is predicted to enter the snail through passive diffusion, a process that may be mediated by carrier molecules and maintained by a concentration gradient effected by Ag complexation with intracellular ligands. Silver has a very high affinity for sulphurcontaining ligands and complexation with metallothionein as a detoxification mechanism is known to occur in many molluscs, including L. littorina (Langston et al. 1998) . Due to its low polarity, AgCl 0 is likely to enter cells by diffusing across the lipid bilayer (Luoma et al. 1995) . Our results indicate accumulation of Ag in the gill, kidney, stomach and visceral mass (including the digestive gland). Presumably, Ag is initially taken up from sea water by the gill via the epithelial cells and is subsequently transported via the haemolymph towards other specialised tissues, including the kidney and digestive gland (where metallothionein induction is most evident; Langston et al. 1998) ; here, the metal is stored, metabolised, detoxified or excreted.
In the present study, there was little measurable Ag accumulation by (or association with) L. littorina when the metal was introduced in nanoparticulate form. That Ag was only detected in the head and gill in one treatment suggests the association may well be a physical (adherent) one, with little subsequent means of Ag entering internal organs. The levels of Ag in U. lactuca and in the faeces of L. littorina clearly indicate throughput of Ag in the digestive system of the snail. However, comparison of Ag concentrations in faeces and corresponding alga suggest little release of AgNP or mobilisation of Ag from contaminated food. T1,T2,T1  Gill  T1,T2  T1,T2,T1,T2   Kidney T2  T2  T2   Stomach T1,T2  T1  T2  T1,T2   Visceral  mass   T2  T2,T3 T1,T2 T2 T1, T2 and T3 represent the different treatments exposed to aqueous Ag and, in italics, nanoparticulate Ag Silver added to freshwater in nanoparticulate form has been found to be taken up by a variety of aquatic organisms, including molluscs, crustaceans and fish (Kashiwada 2006; Lee et al. 2007; Ward and Kach 2009; Tao et al. 2009 ). However, due, in part, to technical challenges inherent in both imaging and quantifying AgNP at or within the membrane of an organism (Fabrega et al. 2011) , the proposed mechanisms of Ag accumulation remain unclear and/or equivocal. The postulated, general routes of accumulation are centred around either endocytosis (or pinocytosis) or extracellular silver ion dissolution. The former mechanism involves the translocation of nanoparticles of between 1 and 100 nm in diameter by the invagination of the plasma membrane, the formation of vesicles that enclose the particles and the transport of the vesicle into the cell (Moore 2006; Asharani et al. 2008) . The latter mechanism proceeds via an association of the nanoparticles with the surface of the membrane and the subsequent release of Ag + ions within the surface microlayers that are rapidly taken up (Jin et al. 2010; Liu and Hurt 2010) .
Recent studies have also demonstrated trophic transfer of nanoparticles or metallic constituents thereof in laboratory mesocosms. For example, Ferry et al. (2009) reported accumulation of Au (from Au nanorods) in marine snails that grazed on contaminated biofilms, while Crouteau et al. (2011a) showed that Zn was efficiently assimilated by freshwater snails when fed ZnO nanoparticles in combination with diatoms. We are aware of two publications in which the trophic transfer of radiolabelled Ag added in both solute and nanoparticulate forms have been compared. Thus, Zhao and Wang (2010) fed the fresh water cladoceran, Daphnia magna, algae that had been pre-exposed to AgNP, and Crouteau et al. (2010b) fed the fresh water snail, Lymnaea stagnalis, a mixture of diatoms and AgNP. In both studies, accumulation (or, strictly, assimilation) of Ag was observed in all treatments and was faster when the metal was added as a solute than when added as nanoparticles; accumulation of Ag added as AgNP was greater in the presence of food in the former study and greater in the absence of food in the latter.
These observations are not wholly consistent with the findings of our study, and in particular those involving Ag derived from the addition of AgNP, although it must be appreciated that the radiotracer approach and analysis of whole individuals (rather than component tissues thereof) is likely a more sensitive means of examining accumulation. Lower accumulation of Ag by L. littorina overall may be attributed to the reduced bioavailability of the metal in sea water (relative to fresh water) where it is complexed to a significant extent by chloride ions. The Ag in the algal food we used in our experiment was also likely to be less bioavailable than in the studies above, where exposure of food to aqueous or nanoparticulate Ag was undertaken for a shorter period of time (12 or 24 h) or was simply an algal-AgNP mixture. Given these discrepancies and the general lack of understanding of the biogeochemical behaviour and interactions of AgNP in the marine environment, further studies involving a broader range of organisms are recommended.
